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I. INTRODUCTION
T HIS paper reviews the main components and physics of modern X-ray free-electron laser (XFEL) operation. Short-wavelength FELs have revolutionized materials science and chemical and biological research by producing extraordinarily high-brightness extreme ultra violet (EUV) and X-ray pulses [1] - [7] . These pulses tend to be on the order of tens of femtoseconds long with nearly full transverse coherence.
The impact of XFELs on the light source community is indicated in Fig. 1 . An XFEL is capable of about nine orders of magnitude improvement over third-generation light sources using undulator radiation as measured by X-ray pulse brightness. The purpose of this paper is to describe how XFELs function both theoretically and in practice. First, here, we provide a qualitative explanation of an XFEL's improvement over wiggler or undulator radiation.
The synchrotron radiation from a single electron from a dipole is well known [8] and has a dependence on photon energy as shown in Fig. 2 . The radiation intensity increases up to a critical photon energy given functionally in terms of the electron energy E and dipole field B as
The radiation is emitted in the electron's forward direction in a cone with an opening angle of order 1/γ . First-generation synchrotron light sources were basically beamlines added to existing facilities designed for particle physics studies that had dipole magnets. Second-generation synchrotron light sources
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Digital Object Identifier 10.1109/TPS.2018.2827301 were dedicated to the production of synchrotron radiation and used electron storage rings to enhance the synchrotron radiation. Third-generation synchrotron light sources were designed to optimize the intensity of the synchrotron radiation by incorporating long straight sections into the storage ring for insertion devices such as undulators and wigglers, as shown in Fig. 3 . Both undulators and wigglers have a similar magnetic configuration but with different magnetic field strengths. In a wiggler, the electron beam is bent by an angle larger than 1/γ , thus there is insignificant overlap between the radiation from different magnets. Conversely, in an undulator, the electron deflection is a smaller angle and thus the radiation from different magnets but due to a single electron interferes. As a result, wigglers create a broad but an intense beam of incoherent light. Undulators create significantly more intense beams of coherent radiation at wavelengths where the interference is constructive. A comparison of the form of the radiation that results from a wiggler and an undulator is shown in Fig. 4 . An XFEL represents a major improvement over an undulator device. In an XFEL, the electron beam is bunched at the radiation wavelength so the radiation from all electrons adds coherently. Thus, as compared to the radiation from an undulator, the radiation from an XFEL in increased by a factor roughly equal to the number of electrons in the electron pulse, which is on the order of 10 9 .
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Intensity plot of synchrotron radiation from a single electron (incoherent) and from a 100-pC bunch (coherent) due to a dipole field as a function of radiation energy. For a single electron, the cutoff frequency is a function of electron energy; for a collection of electrons, the cutoff frequency corresponds to a wavelength comparable to the electron bunch length. is similar to that from a dipole times the number of wiggler periods. However, the undulator radiation peaks at harmonics (fundamental-blue, third-red, fifth-green, seventh-orange, ninth-brown, eleventh-purple). The undulator peaks' amplitudes scale as the number of periods squared and their widths inversely with both the number of periods and harmonic number.
We can view an XFEL as fundamentally the same as a traveling-wave tube (TWT), and the major portion of this paper is devoted to deriving the dispersion relation of an XFEL using a standard approach for TWTs [9] , [10] . One solution of the XFEL dispersion relation will correspond to an exponentially growing radiation field as in a TWT. In a typical XFEL, this field is seeded by the electron's beam initial shot noise and the XFEL undulator is long enough that the radiation field reaches saturation. This mode of operation is known as selfamplified spontaneous emission (SASE), and used worldwide for short wavelength FELs [1] - [7] . The electron beam, initially uniform (expect for the random shot noise), becomes successively more bunched as it travels along the undulator, also in a manner similar to a TWT. Importantly, all features of the radiation field growth are identical to that in a TWT (with the exception of using a different, but equivalent, "fast-wave" definition of synchronism between the electron beam and the radiation field). Thus, it is instructive to use standard TWT analysis tools to describe the XFEL behavior, especially since the usual FEL dispersion relation derivation [11] - [14] tends to appear awkward for microwave and RF engineers. Hopefully, the following derivation in Section III will help make XFEL theory accessible for readers of this journal.
It is worth noting that Haus [15] published this approach for deriving the FEL dispersion relation. Even though his result was correct, surprisingly, his conclusions based on it were incorrect. (Basically, he predicted that due to the electron beam's Rack noise on its initial velocity, the performance of an FEL at an optical or shorter wavelength would be highly degraded.) Our derivation in the following will be more complete (e.g., it will include the effects of large wiggle motions), and we will consider more realistic initial boundary conditions.
II. XFEL DESIGN CONCEPT AND COMPONENTS
In this section, we outline the major components of an XFEL, especially the elements of the accelerator driving the undulator. First, we describe the electron beam requirements.
A. Required Electron Beam Quality
There are two metrics of electron beam quality that are important to an XFEL. One is known as emittance [16] ; a small emittance is a measure of over what distance the electron beam can be focused to a small size. The horizontal rms beam emittance at a longitudinal position z along the accelerator is defined as
where the brackets indicate ensemble averages, the primes refer to an axial derivative, and γ b and β b are the beam's relativistic mass factor and velocity normalized to the speed of light c, respectively. A maximum beam emittance limit comes from an "overlap" requirement between the X-ray mode and electron beam, and it must be smaller than some fraction of the wavelength
The beam emittance is largely a constant along the accelerator. As a result, the constraint in (2) can always be met at a high enough beam energy.
The second important beam quality metric is its rms energy spread. The maximum allowed slice energy spread depends on the FEL Pierce parameter ρ (defined in Section III-B) and can be written approximately as
Again, note that this constraint can always be met at a high enough beam energy for a fixed amount of energy spread δγ . 5 shows the decrease in XFEL performance (as defined by the X-ray power produced at saturation), as the electron beam quality degrades. Note that lowering the energy spread below a threshold value does not affect performance much, but a lower emittance always improves performance, at a rate somewhat better than 1/ε x .
B. XFEL Accelerator Components
A typical XFEL layout is shown in Fig. 6 , along with the electron bunch energy along the accelerator. Note that the final electron bunch energy is 12 GeV for this XFEL design (the preconceptual Los Alamos MaRIE XFEL design [17] ). The beam is generated by impinging a short laser pulse on a photocathode within an RF gun [18] . The RF fields in the gun then accelerate the beam to about 5 MeV. The beam is further accelerated in three linac sections (L1 accelerating the beam to 250 MeV, L2 accelerating the beam to 1 GeV, and L3 accelerating the beam to 12 GeV), with bunch compressors (BC1 and BC2) between the linac sections. The bunch compressors shorten the rms electron bunch length first to 300 fs and then to 12 fs. After being accelerated in the final linac section, the bunch will typically have a residual energy chirp from its head to tail. This chirp can be removed in a dechirper before the beam is directed to different undulators in a beam switchyard.
An RF gun using emittance compensation [19] is required to achieve this emittance level. The components of an RF gun are shown in Fig. 7 . Importantly, the position of the main solenoid provides the conditions for emittance compensation and the bucking coil ensures the magnetic field on the photocathode vanishes. The effect of emittance compensation is shown in the RF gun simulation in Fig. 8 for the preconceptual MaRIE XFEL design. Note that emittance compensation can reduce the emittance from an RF gun by up to an order of magnitude. For the case shown in Fig. 8 , an emittance of <0.1 μm is achieved for a bunch charge of 100 pC (higher charges would lead to higher emittances). However, for this low emittance, the initial length of the bunch is about 5-8 ps long [20] , requiring bunch compression factor of about 500 to achieve the 1-5 kA of required peak current at the undulator.
Magnetic chicanes (shown in Fig. 9 ) are used to axially compress the electron bunch [21] . For compression, an energy chirp needs to be imposed on the beam by the preceding accelerator linac so the head of the bunch has a lower energy than the tail of the bunch. The size of the chirp can be traded with the momentum compaction of the beam, which is a function of the chicane geometry and increases with increased bend angle. (Momentum compaction is defined as the transfer matrix element R 56 in beam optics, where R 56 = −δz/(δγ /γ 0 ) and δz is the change in an electron's axial position after the chicane if its energy deviates from the design trajectory energy γ 0 by an amount δγ . For a chicane,
where S is the separation between the first and second and the third and fourth dipoles, D is the width of the dipoles, and θ 0 is the dipole bend angle for the design trajectory energy.) Often, a linac section operating at a higher harmonic frequency is used before the first bunch compressor to ensure the energy Fig. 9 . For bunch compression in a chicane, the particles at the head of the bunch have lower energy than those at the tail. As a result, they have a longer path through the chicane and the particles in the tail can catch up to the head (in this figure, compressing an initial 20-ps long pulse to 1 ps). chirp is linear as the momentum compaction in a chicane is very nearly linear with energy displacement from the nominal electron energy.
The RF linac can consist of either standing-wave cavities (like in a klystron) or traveling-wave cavities (as in a TWT). In addition, the linac can be normal conducting or superconducting, depending on if the pulse format is low duty or high duty up to continuous wave operation. The preconceptual MaRIE XFEL design shown in Fig. 6 assumes the use of superconducting International Linear Collider (ILC) type 1.3-GHz multicavity cyromodules [22] From the conservation of longitudinal phase space (Liouville's theorem), the energy spread after compression is the energy spread before compression times the compression ratio. Thus, from the constraints shown in Fig. 5 , it is important to minimize the electron beam's energy spread coming out of the RF gun and before the compression stages. Note that for the preconceptual MaRIE XFEL design, the maximum allowable energy spread δγ is about 1.8 MeV.
An important concept that extends from klystron and TWT theory is that an electron only sees the effect from the synchronous harmonic component of an RF cavity's accelerating field. This principle ensures that the energy spread of the electron bunch will not increase during acceleration and arises from writing the electric field from an RF cavity in terms of space harmonics
where β is the space harmonic, g(β) is the relative amplitude of each space harmonic, and k 2 r = ω 2 /c 2 − β 2 . The radial factor arises because each space harmonic must individually satisfy Maxwell's equation and the I 0 (k r a) is a normalization factor. Using β e = ω/β b c, the work done on an electron then from a single cavity can be expressed as
where the electron is at position z 0 at time t = 0, and most importantly, assuming the electron stays at a constant radius. The z integration is trivial and leads to
− jβ e z 0
where now k 2 r,e = ω 2 /c 2 − β 2 e . Thus, only the synchronous space harmonic leads to a time averaged electron acceleration. Moreover, since k r,e = 0 for an ultrarelativistic beam, the radial factor vanishes, and we are left with
This formula points out that the energy gains of an electron is independent of radial position for an ultrarelativistic beam as long as the electron is not changing its radial position appreciably over the gap where the RF field is concentrated (which become more and more likely as the bunch achieves higher energy). This fact leads to the remarkable consequence that the RF fields themselves will not lead to an increased bunch energy spread. In addition, the beam's space charge cannot lead to an unlimited increase in energy spread as the beam is accelerated. Its effect decreases with increasing beam energy. Moreover, longitudinal variations can be removed with RF phasing and the transverse variation is fixed by the potential depression from the edge of the beam to its center, and is roughly given by
The rms potential depression is only about 9 kV for a 3.5-kA bunch. However, the energy spread can increase through intrabeam scattering (IBS) of electrons within a single bunch, coherent synchrotron radiation (CSR) from the bunch compressors, and incoherent synchrotron radiation (ISR) also from the bunch compressors. CSR and the microbunch instability (MBI) can also lead to significant degradation of the beam emittance. Much of the XFEL design effort is to minimize these effects, which will be discussed in more detail in Section V.
C. Undulator
We note that an undulator (Fig. 3 ) and a chicane (Fig. 9) are related: an undulator is essentially a series of very short chicanes each with very small R 56 (because the dipole widths are very short). The following design formulas [24] can be used to determine the wiggle field on-axis for an undulator built from periodic permanent magnets (PPMs) where B y = B und cos (k und z) and the undulator wavenumber is related to the undulator period by k und = 2π/λ und :
(1 − e −2πh/λ und ) (10) where B r is the remnant field (∼1.27 T for NdFeB and ∼0.9 for SmCo), g is the gap between the magnet planes, and h is the height of the magnets (called the block height). Typically, the block height is h ≈ λ und /2, and the field strength formula becomes
For higher undulator fields, hybrid undulators can be used where steel is used to enhance the magnetic fields as with pole pieces common with TWT design with PPM focusing. The enhanced field strength, especially for long periods, is shown in Fig. 11 . Empirical field strength formulas for hybrid undulators are B und = 3.33e (NdFeB magnets). (13) It is important to note that hybrid undulators have higher harmonic content than PPM undulators-up to ∼28% thirdharmonic content and ∼7% fifth-harmonic content [24] . 
III. XFEL DISPERSION RELATION
The purpose of this section is to derive the FEL dispersion relation using the standard technique for TWTs. First, we provide the necessary background by deriving the TWT dispersion relation using the normal mode approach [10] , and then, we follow that with the changes needed for the FEL dispersion relation.
A schematic of a helix TWT is shown in Fig. 12 . The key physics is shown in Fig. 13 where the RF mode moves (with its phase velocity) very nearly at the same speed as the electron beam. Thus, an electron that is in a retarding region will slow down and an electron in an accelerating region will accelerate and a bunch will form between those two regions. If the RF mode moves slightly slower than the electrons, this bunch will drift into a decelerating region and net power will be taken from the beam, growing the amplitude of the RF mode.
A. TWT Dispersion Relation
We assume e j (ωt −kz) for the RF components J , ρ, and v, where the total beam current density, charge density, and electron velocity in the beam are given by
and where the 0 subscript refers to dc quantities. We additionally define E z as the axial RF field, which only has an RF component.
We first expand the Lorentz force equation
to find
or
Eliminating v using J = ωρ/k from the continuity equation and the definition of the current density J = ρv 0 + ρ 0 v, this becomes
While it is standard at this point to break E z up into contributions from the actual RF mode and the RF spacecharge field, we will ignore the space-charge contribution since it is negligible for an XFEL. Thus, (20) is our "electronic equation" (i.e., the effect on the electrons from the RF mode). Now, we find an equivalent "circuit equation" for how the RF motion of the electrons drives the RF mode. The circuit equation is found from the wave equation and by expanding the field into structure normal modes
The slow-wave structure normal modes are defined by (for mode n)
We assume that the normal modes form a complete and orthonormal set such that δ nm = S E n E m dσ . At this point, the development is general for TM and TE modes; for TE modes, we may prefer a normalization of the form B 2 z dσ . The E n may be functions of r and z, but we can assume that they are constant in z in some sense averaged over a period (which is strictly true for an RF mode on the helix). We expand the RF field and charge density as
This will allow us to normalize fields in terms of power flow. Direct substitution of (21) into the driven wave equation gives
Now, we assume the RF field is mostly a single mode, say n = 1, or
We next assume the beam is confined to the axis (r ≈ 0). Since the E n are orthonormal, we then have ρσ E 1 (r = 0) = ρ 1 , where σ is the beam cross section, and
which is the circuit equation.
Combining the circuit and electronic equations gives the dispersion relation
where
This is the standard Pierce TWT solution and C is known as the Pierce parameter. We assume synchronism k 1 = β e and find solutions of the form k = k 1 + δk 1 which are
Before we discuss these solutions, we will rewrite C using I A = 4πε 0 mc 3 /e (about 17 kA) as
The way to get rid of the normalized field term E 2 1 (r = 0) is to define a coupling impedance as
The power flow in a TM mode is given by
and the normalization of the mode yields
where we have used k 1 ∼ = ω/β b c and assumed that the beam is in a vacuum. The nonrelativistic limit of (33) is well known, and the same as Pierce originally derived using a transmission line model [9]
Recalling the exponential form of e − j kz , we note that the second root is a growing mode. The electric field solution is a summation of the three modes with different amplitudes
The boundary condition for a TWT is initially some nonzero field, but no current or velocity modulation on the beam (i.e., an unmodulated beam at z = 0). In general, the initial boundary conditions yield this set for the mode amplitudes
For the case, there is only an initial electric field of amplitude E 0 , the solution is
For a TWT, we define gain as
and we define a "lethargy" distance d l as (38) where the field from the first and second modes equal the amplitude from the input, or d l = 1.412/β e C. We note that the maximum extraction efficiency is roughly η ≈ (γ b /γ b − 1) as the beam can only lose a velocity difference of
Fig. 14. Synchronous fast-wave interaction between an electron's trajectory (blue) and an X-ray wave traveling at the speed of light (black). At the instant the electron is at position A, the electron is slowed by the X-ray electric field. A half undulator period later, the electron is on the other size of the trajectory going in the opposite direction at position B. Synchronism is established if also at that moment, a half X-ray wavelength has slipped by the electron so the electric field is again retarding the electron motion.
We can rewrite this efficiency estimate in terms of the Pierce parameter C. The phase velocity of the growing mode is given by C/2) ). Thus, the maximum efficiency estimate is then
B. FEL Dispersion Relation
The slow-wave RF-beam interaction of a TWT as shown in Fig. 13 is now modified to be that of a "fast-wave" interaction as shown in Fig. 14 . Note that synchronism is established if a half period of the X-ray field, moving at the speed of light, slips by the electron as it moves across a half undulator period.
Even though the work done on the electron is in the transverse direction, the net force is axial. To see this, we need to consider the net force on an electron exerted by a plane wave of the form
Consider electron motion only in thex andẑ directions, or β = (β x , 0, β z ). The total force on the electron is
Although power (the J · E part of the force) is extracted through the x motion, the magnetic field of the RF (or X-rays) transfers the net force to the axial direction as 1 − β z ≈ 0. This remarkable result is one reason the FEL is considered the future of high-power lasers.
There is some complicated book-keeping issues deriving the FEL dispersion relation using the normal mode approach (mostly, we need to be careful with which beam velocity we use where), so we will go through this carefully.
First, we use the planar Busch theorem to find v x = e mγ B k und (43) where B is the local undulator field. We define an undulator parameter K to be
Often an alternative definition of the undulator field is used, where
where we assume an ideal case where the magnetic field has a sinusoidal variation. Note then that
where we use the t subscript to denote total. We are going to consider the average (i.e., undulator period averaged) axial force on an electron (since that is where the net work is done) in terms of the horizontal X-ray field
To mirror the earlier TWT normal mode analysis, we want to consider the effective force on the electrons while retaining the phase of the X-ray field relative to the electron itself, just as if this was a slow-wave interaction. Now, we calculate the velocity relationships due to synchronism. Note that the total normalized beam velocity is
The average axial velocity is now
and the time the beam traverses an undulator period is
Synchronism is established when the X-ray field traverses an undulator period plus an X-ray wavelength in the same time, or
Note that this becomes (ω/β z c) = (ω/c) + k und or β e = k 1 + k und in usual TWT notation. Then
There can be a large difference between the axial and total velocities, so we need to be careful. Let us define
where γ z is an effective relativistic mass factor that will be convenient later. Averaged over an undulator period
and
There are a couple of modifications introduced to the dispersion relation when we consider an FEL interaction. First, let us consider the Lorentz force equation [similar to (17) 
The JJ term represents the fact that the transverse motion is not sinusoidal, but instead forms a Fig. 8 in the beam's frame of reference, and is a reduction due to that, of
Derivation of the JJ term can be found in standard FEL texts (see [12] , [13] ) and is not repeated here.
The response to the Lorentz force equation is then
The FEL electronic equation then becomes
Likewise, the wave equation after wiggle period averaging is
which also has to reflect the motion in the x-direction and the fact that the X-ray field itself is a transversely uniform normal mode. Since this is a 1-D analysis (the accuracy of this assumption will be confirmed in the following section) derivatives with respect to x vanish, and using the continuity equation, we have:
The instantaneous dispersion relation is then
Using k = β e + δk and
where we have the Pierce parameter defined as
Recall the power growth is exp(β e C( √ 3/2)z). Standard FEL convention is to define a variable ρ called the FEL Pierce parameter, defined by the power growing as exp (k und 2 √ 3ρz), or
Since the maximum efficiency in the ultrarelativistic regime is [from (40) 
we see that ρ is also the extraction efficiency. FELs typically operate in the emittance-dominated regime so we can replace the effective beam edge radius with an rms transverse size, r 2 b = 2σ 2 , or
which is often written as
Perhaps a more transparent form is in terms of X-ray wavelength, or
Written in this manner, it is clear that efficiency always increases with increasing energy. Moreover, ρ is maximized at any energy with an undulator strength of K = 1.414. Haus derived (65) in [15, eqs. (3.1) and (3.2)] in the limit K = 0. He expanded the initial beam conditions of charge density noise (shot noise) and current noise (Rack noise) as done in (36) . However, he mistakenly believed that the power due to the noise amplified by an FEL in all modes needed to stay small compared to the amplified drive signal, which led to his conclusion that an FEL in the optical and shorter wavelength regions could only have negligible gain. Instead, in reality, only the noise relative to the signal at the drive frequency needs to be considered, and for an SASE XFEL, it is the noise itself that leads to saturation. Moreover, seeding is also possible in the X-ray regime as we will see in Section IV.
IV. CHARACTERISTICS OF XFEL RADIATION
AND SATURATION We will make three observations about XFEL radiation in this section: 1) exponential growth; 2) aspect ratio of the electron microbunches; and 3) the coherence length of the radiation (i.e., the width of radiation spikes).
We should also note there are about 600M particles for a 100-pC bunch.
A. Exponential Growth
As indicated in (28) and (37), the radiation field growth is exponential after the lethargy region and until saturation (Fig. 15 ). Significant current work is devoted to maintaining a linear growth in the power after saturation [25] , [26] by tapering the undulator period, in a manner similar to highpower, narrowband TWTs. Roughly speaking, about 10 gain lengths (i.e., e-foldings) are needed for an XFEL to reach saturation from shot noise.
B. Shape of the Microbunched Electron Beam
The electron beam is longitudinally microbunched at the radiation wavelength. For a radiation wavelength of 0.1 nm and an rms bunch length of 12 fs [nominally a 10-μm fullwidth at half-maximum (FWHM) bunch length], there are about 10 5 microbunches along the bunch. Also, the rms radius of the microbunches about 20 μm, so the FWHM diameter is about 50 μm, as shown in Fig. 16 . The aspect ratio of each microbunch is then about 10 6 . As a result, the space-charge forces of the electrons in the microbunches are not affected by the undulator walls and the space-charge reduction factor as defined for microwave tubes is essentially unity.
C. Spikes in the Saturated Radiation Field
There are typically 1000 undulator periods so about 1000 wavelengths cooperate within the electron bunch. This leads to two immediate consequences: first, the natural relative bandwidth of the radiation is is about 0.1%, and second, the "cooperation" length of the electron bunch is about 1000 times the wavelength. For a 0.1-nm FEL with a 100-pC bunch charge and 10-μm bunch length, this means that there are about 100 different cooperation sections, each with a length of 0.1 μm and containing about 10 7 electrons. The radiation in different sections is effectively seeded at different power levels, meaning the output is spiky, as shown by the blue curve in Fig. 17 .
Both the electron beam and the X-ray radiation can be preseeded by imposing some microbunching on the beam or by driving the XFEL with some initial X-ray power. If seeding is above the shot noise, the relative bandwidth can be reduced to ∼0.001% because the entire electron bunch radiates with longitudinal coherency. Also, seeding increases the average beam power because the areas without spikes become filled in with more or less uniform radiation (see Fig. 17 and Table I corresponding to the same parameters).
V. XFEL DESIGN CHALLENGES
In this section, we outline the key design issues associated with preserving excellent electron beam emittance and energy spread. As a numerical example, we will consider the preconceptual MaRIE XFEL accelerator design, where the emittance requirement at the undulator (about 0.2 μm, see 
A. Coherent Synchrotron Radiation (CSR) Effects in Bunch Compressors
CSR is the most important limiting factor in XFEL accelerator design. In the 1940's, Schwinger derived the steady-state power radiated by a bunch of N electrons with rms length σ , moving in a bend with radius R [27] 
This can be rewritten in terms of energy loss per electron (on average) over a bend angle α
This, in turn, also contributes to an emittance growth, of roughly Fig. 18 . Design of a double chicane compressor, from [28] . The bend angles and compression ratios of each compressor is adjusted to provide the best cancelation of the CSR effects.
which arises from variations in the final bend angle due to variations in the energy of the different electrons and where I is the compressed current. Both this energy spread and emittance growth can significantly degrade the XFEL performance.
A typical mitigation scheme is to use "double" bunch compressors at each stage of the form shown in Fig. 18 [17] , [28] , [29] , where the CSR effect from the second stage is used to cancel that from the first stage. Remarkably, the induced energy change from CSR is essentially 1-D and does not lead to an increased energy spread across a longitudinal slice of the beam. This feature enables the ability to compensate for it with a second bunch compressor. Due to the strong scaling with bend angle, CSR can also be suppressed by decreasing a chicane's R 56 and achieving the compression with a larger relative energy chirp along the bunch. The energy chirp required for the second bunch compressor becomes somewhat problematic. The RF in L3 after BC2 cannot be phased enough off the crest (i.e., maximum acceleration) to eliminate this chirp since the compressed beam has an rms bunch length of only about 10 fs. Thus, this energy chirp persists to the end of the XFEL accelerator unless it is removed via strong short-range wakefields. In linac coherent light source (LCLS), these wakefields are generated by the small apertures in the copper L3 cells, and in LCLSII [30] , a 2-km narrow drift pipe is used to generate the necessary wakefields. Alternatively, a specialized "dechirper" can be used [31] , [32] . It is important to note that a planar dechirper can produce both strong dipole and quadrupole fields and needs to be designed carefully.
B. Microbunch Instability (MBI)
MBI arises from shot noise along the beam and grows due to the momentum compaction in the bunch compressors [33] , [34] . This shot noise leads to small variations in energy longitudinally along the beam as it is accelerated due to the beam's longitudinal space-charge (LSC) forces. These small energy variations lead to larger current displacements along the bunch due to the R 56 from the first bunch compressor. These larger current displacements in turn lead to even greater LSC-induced energy variations in the accelerator between BC1 and BC2. The momentum compaction in BC2 has the potential of leading to very significant longitudinal microbunching which then can lead to very significant energy variations by the time the beam is accelerated to its final energy. Due to the interplay between LSC and the compressors' R 56 , there are complex regions of very high gain which the XFEL design needs to avoid. MBI is typically mitigated in XFEL designs by adding a "laser heater" before BC1 where a laser adds effectively random energy spread noise to a beam via coupling in an undulator called a "modulator" [35] . If this additional energy spread is large enough, the R 56 of BC1 will smear out the initial shot noise. We see the effect of a laser heater on the final energy spread of an electron bunch with a total compression ratio of 200 using two bunch compressors in Fig. 19 . Note that even with a lower total compression, the minimum energy spread is still close to the maximum allowed for the MaRIE design. While the energy spread induced by LSC is correlated with axial position (so by itself it does not increase the slice energy spread), it is axially mixed by the compressors' R 56 , which leads to degradation of the slice energy spread. Also, it can have a period short compared to an XFEL cooperation length so it may affect the growth of a radiation spike.
There are alternative schemes that can also be used to suppress the MBI. Qiang et al. [36] proposed keeping some dispersion in the beam optics with the bunch compressors, and eSASE schemes can be used where the second bunch compressor is replaced by a laser/modulator and a weak chicane which microbunches the beam at an optical wavelength [37] . For eSASE, each of these optical microbunches needs to be long enough to achieve SASE saturation.
C. Intrabeam Scattering (IBS)
The energy spread induced by IBS is not longitudinally correlated and will directly affect the slice energy spread. Over a time t, the rms-induced energy spread is given by
where is the ratio of maximum-to-minimum impact parameters common in plasma physics, and is typically on the order of 100. Note that the IBS-induced energy spread does not have explicit energy scaling, but a higher gradient (minimizing t) and larger transverse size helps to reduce it. As an example, Table II shows the IBS-induced energy spread in different linac sections for the preconceptual MaRIE XFEL design. These results assume a 0.1-mm beam size and a 0.1-μm emittance. Note that from a conservation of longitudinal phase-space area, these initial energy-spread values become significant at the location of the undulator and approach the maximum allowable energy-spread value.
The most effective mitigation approaches to make the IBS effect on energy spread negligible is to increase the acceleration gradient, increase the beam size, or decrease the beam emittance.
D. Mitigation by Going to Higher Beam energies
Equation (73) shows that the FEL Pierce parameter increases gradually with beam energy. In addition, the total electron bunch energy also increases, thus more X-rays can be produced at higher energy, as shown in Fig. 20 for the preconceptual MaRIE XFEL design.
Note that the increase in X-rays shown in Fig. 20 is much stronger than linear with energy. This occurs because additionally both the emittance and energy spread constraints ease linearly with beam energy. Thus, the simplest way out of having too large an emittance or energy spread is to increase the beam energy.
There has been a concern that at high beam energies an excessive energy spread growth can occur in the undulator itself induced by "quantum noise" diffusion from ISR [38] , given by δγ ISR = 3.8 × 10
where L is the undulator length. Although this equation appears to indicate there is an upper XFEL energy limit, the magnetic field for a fixed X-ray wavelength is given by B[T ] = (K (1 + K 2 /2)/0.93γ 2 λ X −ray [cm] ) and the ISRinduced energy spread actually decreases with increasing beam energy if K is fixed at 1.414, and its relative contribution becomes negligible.
E. Decreased X-Ray Spectral Width
As indicated earlier, the natural X-ray spectral width is about 0.1% which is not adequate for some imaging applications. A significant amount of recent work has been devoted to developing seeding schemes.
The most direct way to seed an XFEL is with an external X-ray signal, analogous to how a TWT amplifies an input signal. Seeding an FEL with an external laser has been achieved for wavelengths down to about 20 nm, using high-harmonic generation [39] , [40] . For harder X-rays, self-seeding (where the front of the electron bunch seeds the second half using a diamond-based monochromator) has yielded spectral widths of about 5 × 10 −5 [41] , approaching the Fourier-transformlimited bandwidth.
Research has additionally been conducted on beam-based seeding schemes, where the electron beam current density has a modulation on it. This modulation provides the initial condition for X-ray radiation growth at the modulation frequency through the mechanism indicated by (36) . High-gain-harmonic generation [42] has been demonstrated as high as the seventh harmonic in the EUV (67 nm) [43] . Echo-enabled harmonic generation has been demonstrated at the 75th harmonic in the EUV (32 nm) [44] . Compressed harmonic generation has been discussed [45] , including schemes based on emittance exchangers [46] , but has yet to be demonstrated.
For these beam-based seeding schemes, it is worth noting that quantum noise diffusion in the dipoles used in these schemes sets a lower limit on the possible achievable modulation wavelength [47] . As a result, these schemes are typically only suited down to EUV wavelengths, and not soft or hard X-ray wavelengths.
VI. CONCLUSION We have described the major components of XFELs and derived the XFEL dispersion relation using a standard TWT approach to show it is equivalent to the well-known TWT gain mechanism. We have also identified the major design risk items and outlined current techniques to mitigate them.
Importantly, XFELs have no intrinsic limitations in how high an X-ray energy can be produced or how high power they can produce.
